This paper deals with a metallographic study of shear and deformation bands, which are formed and developed during rolling and fatigue tests of single crystals and polycrystals of Fe-3% Si. The effect of the initial orientation of the single crystals, dimensions of grains in polycrystals, thickness of the samples and certain rolling factors on the formation of banded structures was analyzed. The effect of these structures on the structure and the texture, which appear in the deformed alloy subject to annealing, was studied too.
INTRODUCTION
It has long been known that plastic deformation of materials is nonuniform. A manifestation of this nonuniformity is the appearance of banded features: deformation bands and shear bands. These bands may pass across grain boundaries and reach mesoscopic (within groups of grains) or macroscopic (within the whole sample) dimensions. They tell upon the processes of subsequent plastic deformation and failure of materials, the formation of the deformation texture, the structural state and the annealing texture of materials, thus determining their final properties.
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The following is known about the shear bands:
They are formed in various materials metals and rocks, ionic crystals and organic compounds subject to all types of plastic deformation. The degree of plastic deformation, e, which gives rise to the bands, depends on the particular material and ranges from 0.01 to 3 or higher. The bands were not detected in deformed single crystals of copper (0 1)[0 0 1], iron (1 0 0)[0 1], and aluminum {2 }(1 ). The formation of the bands is suppressed in well-annealed pure metals. Chemical and structural inhomogeneities, impurities and inclusions facilitate the formation of the bands. The bands appear as equal-width regions having clearly defined boundaries. As the band develops, the matrix orientation changes abruptly or gradually towards the middle of the band. The bands have a certain direction relative to the acting force. Their traces are perpendicular to the direction of this force on the deformed surface of the sample (for example, rolling surface) and go at an angle of 15-55 (in most cases at 35) on the side surfaces of the sample. The bands cross the slip planes. The appearance of the bands is followed by the formation of a relief on the sample's surface.
Some fundamental issues of the nature of the bands have been so far unclear. Why do these bands appear? Why does the inclination angle of the bands to the acting force remain constant? What effects do the grain dimensions, thickness of the material and deformation factors have on the formation of the bands and their structure? What is the mechanism of the band formation (crystallographic, noncrystallographic, shear, kink)?
The issues relating to the appearance and development of the deformation bands have been no less complicated. The following is known:
The deformation bands do not appear in crystals having stable orientations, which do not change under deformation. The boundaries between the deformation bands transition bands comprise microbands whose orientation changes gradually from the orientation of one deformation band to that of another. These microbands include those having the initial orientation of the crystal.
The debated issues are the origin of the deformation bands, the dependence of the bands on the change of the form of the material and alteration of the orientation, and the effect of the grain dimensions, thickness of the material and the deformation factors on the structure of the bands.
It is necessary to know how recrystallization nuclei are formed on the aforementioned-banded features and whether particular annealing conditions affect the location of nucleation sites in the bands.
The solution of these problems is very important in terms of devising new methods to control the formation of the structure and the texture of materials, model and predict the texture, the structure and properties of materials under various deformation and thermal conditions.
The literature concerned with the banded features has placed particular emphasis on materials having a limited number of slip systems (for example, HCP metals, ionic crystals, rocks), where the kink phenomena are thought to be the main reason for the formation of the bands. Numerous papers have been dedicated to FCC metals, which were used for a comprehensive study and modeling of the processes of the shear-induced formation of the bands under deformation.
We have examined the formation of the bands during plastic deformation of an iron-silicon alloy (BCC lattice), which has a large number of possible slip systems. The available treaties offer evidence that the formation of banded structures in such materials has certain specific features.
MATERIALS AND METHODS
Plate (0.5 mm thick) single crystals having different orientations were produced from a commercial Fe-3%Si alloy using the secondary recrystallization and recrystallization after critical strain hardening. Polycrystals having grains of different dimensions were prepared by plastic deformation and annealing. The samples were cold-rolled on a laboratory mill to different degrees of deformation (e 0.05-3.2 If the deformation is increased to 20%, a structure comprising brightetched regions separated by dark-etched regions may be revealed by etching ( Fig. 2(b) ). The orientation of the bright regions corresponds to the general direction of the texture evolution during deformation. The dark regions contain bands, which are parallel to the transverse direction. Their plane is close to { 2}. The orientation of the lattice between the bands approximates the initial orientation. Even at these degrees of deformation shear bands are observed within the regions having an altered orientation. Subsequent to rolling with a reduction of 20%, the structural regions having the initial orientation narrow, are ordered, and turn into the transition bands. It is remarkable that the number of the deformation bands does not grow, while the number of the shear bands is enhanced considerably with the further increase in the degree of deformation. One more specific feature of the shear bands is worth noting: their number grows with decreasing width of the deformation bands.
If the single crystal (1 0) is rolled in the direction [1 2], the structural pattern is similar to its counterpart discussed above. Despite the fact that a one-component texture of the {2 }(0 1) type is formed under large deformations, the deformed single crystal is broken up into fragments. In adjacent fragments the lattices rotate clockwise and counter-clockwise about the transverse direction. When the degree of reduction is increased, deformation bands separated by transition bands appear too. Shear bands develop within the deformation bands. During the texture evolution the plane of the shear bands changes from { 0} to {2 }. In doing so, it passes {3 2}.
When the single crystal ( 1 0) to these shear surfaces. The bands may be assumed to be similar to { 0 0}-{3 0}. Beginning of shear band formation is shown in Fig. 4 ( Fig. 5(a) ). Transverse bands are found in the deformed crystal ( Fig. 5(b) ). Treatment of the rolling plane to a fine etch pattern reveals a characteristic pattern (Fig. 5(c) ), which consists of alternating bright and dark bands. This means that shear bands also develop in single crystals having stable orientations. It is these shear bands that are responsible for the scattering of the deformation texture.
The orientation of the crystal (1 00), which is deformed in the direction [0 1] remains almost unchanged, although weak components are scattered mainly in the transverse direction ( Fig. 6(a) ). Banding parallel to the rolling direction may be seen on the rolling surface bearing the etch pattern. Sometimes faint traces of banding appear in the transverse direction (Fig. 6(b) ). The different character of the banded structures observed in the boundary regions and the central areas of the crystals is due to the deformation crystallography. Even at a small deformation the slip in the boundary regions differs largely from the slip in the crystallites. When the degree of deformation is increased to 20%, separate areas of shear bands extending from the boundaries appear ( Fig.7(b) ). One may see that in the deformed single crystals, too, the shear bands near the transition bands differ in their character from those within the deformation bands. A fringe of small shear bands may be seen near the transition band in the single crystal (1 0)[0 0 1] deformed to 70%. In the rolled polycrystals where the grains had the mean dimension of 140 the etch pattern method revealed a highly nonuniform distribution of the orientations even within a grain. The deformation and shear bands exhibit an extremely nonuniform distribution (Fig. 7(c) ). When the mean dimension of the initial grains equals 47 tm, the deformation nonuniformity is enhanced. The deformation bands decrease in number and become irregular. The rotation of the grains relative to one another gains in significance with decreasing mean dimension of the grains. In the samples having the mean grain dimensions of 19-23 tm the rotations bear a regular character. Stable components of the { }(1 0) and { 00}(0 1) types are enhanced, while unstable and metastable components (for example, { }(1 2)) diminish under deformation.
The deformation due to the grain rotation and the grain-boundary slip decreases the tendency to the band formation. However, shear bands passing through groups of fine grains may be observed in certain cases ( Fig. 7(d) ). The plastic deformation of a fine-grain textured material is accompanied by the appearance of numerous shear bands ( Fig. 7(e) ). In the single crystals and the coarse-grain polycrystals shear bands were observed in the zone of the crack propagation ( Fig. 8(a) ).
The plastic deformation had a clearly pronounced local character in the fine-grain samples subject to the fatigue tests. The so-called extrusion areas appeared on the surface of the polished sample. A marked relief was formed in these areas. Longitudinal shear bands passing through groups offine grains were seen in these areas ( Fig. 8(b) ), although deformation was due also to the grain-boundary slip and rotation of the grains relative to one another. The banded features shear bands, transition bands and twins are the sites where recrystallization centers are formed preferably (Fig. 9 ). In the coarse-grain polycrystals most of recrystallization centers also appear in the said bands. However, when the grain dimensions are decreased, the centers are formed at the grain boundaries, too. This is probably due to the boundary slip of the grains and their rotation. The preferable formation of recrystallization centers in shear and transition bands determines the structure and the texture of the recrystallized material. These bands have a certain set of orientations. For example, the transition bands, which are produced in rolled crystals having the initial orientation. (1 0)[00 1], contain microbands with the orientations from { 0} to { 1}. As follows from the findings described above (see also limited by the critical dimension of the nuclei, which depends on the orientation relation between potentially possible nuclei and the matrix. When the deformed material is heated slowly, the centers enclosed by the boundary with a minimum surface energy are realized first. These centers grow at a slower rate than the potential centers enclosed by highenergy boundaries. However, the former centers may grow to have large dimensions under slow-heating annealing conditions. In this situation the centers having high-energy boundaries are not realized, because their critical dimension should be very large.
Thus, the bands in the deformed material provide a certain (limited) set of orientations of possible recrystallization centers. Orientations of the really formed centers (and, correspondingly, the recrystallization texture) depend, in addition, on particular annealing conditions.
The number of different types of the bands may determine to a certain extent the number of recrystallization centers. In these terms one may speak about the effect of the structure of the deformed state on the structure of the recrystallized material. In terms of the continuum mechanics rolling is treated as a simple deformation under the action of a system of compression (normal to the rolling plane) and tension (in the rolling direction) stresses. In actual fact, however, the rolled material has a largely nonuniform distribution of stresses, which reflects a complicated pattern of the deformation center and imposes constraints on the form changing. These problems have been discussed in the paper by Gubernatorov et al. (1995) .
We shall restrict ourselves to some examples, which illustrate the effect of certain rolling factors on the structure of deformed single crystals. The study of the structure of the transverse layers of the rolled samples shows that frequently the deformation bands are located in the near-surface regions only. The nonuniform distribution of these bands may be decreased or increased by changing the rolling conditions.
In their recent paper Sokolov et al. (1995) have already discussed this issue. The number of passes and the friction coefficient between the material and the rolls may considerably affect the structure of deformed single crystals (Fig. 10(a) and (b) ). When the number of passes and the friction coefficient are increased during rolling of the single crys-
decreases. It is possible to produce a strictly one-component texture. In this case the structure of the deformed single crystal is free of deformation and transition bands and contains shear bands only. Figure 10 shows the structure of a single crystal (1 0)[0 0 1], which was deformed in rolls having small (c) and large (d) diameters. It is seen that a high-rolling pressure (large-diameter rolls) causes refinement of the banded structure in the deformed material.
As was mentioned in the foregoing, the banded structure formed in the boundary regions of deformed coarse-grain polycrystals differs to a great extent from the structure in the central regions of these crystals. This suggests that the evolution of the bands under deformation is determined by the slip scheme at the very beginning of the form changing by the material. 
RESEARCH RESULTS AND DISCUSSION
This study has yielded the following results: Discussing the nature ofthe shear bands, it should be emphasized that a significant indication of these bands is their regular arrangement with respect to the acting forces (in the case of rolling, the surfaces bear traces perpendicular to the deformation direction in the rolling plane and inclined 30-40 in the lateral cross-section). These surfaces have absolutely different crystallographies.
It is worth noting that the modern shear models cannot explain all the experimental results. These models are based on the following concepts:
Consideration of the geometry of the maximum shear stresses (Schmid and Taylor factors).
Consideration of the principle of the minimum plastic work of deformation by means of the Taylor factor allowing for the deformation efficiency. Consideration of the work hardening rate and the geometrical softening factor achieved after rotation of the lattice of the deformed material.
The slip plane minimum principle.
The analysis of the shear models (for example, the study by Lee and Chan (1991) ) shows that calculated planes do not always coincide with the observed planes. Refined shear models allow for an ever increasing number of constraints. This makes them cumbersome and inconvenient for calculations. The concepts ofthe structure instability in strongly excited states have been largely accepted quite recently. They have been proposed by Likhachov et al. (1989) and have been currently developed by Academician Panin's school of thought (1995) . In accordance with these principles, the nucleation of the plastic shear is a local structural transition described in terms of the nonequilibrium thermodynamics. The mechanical field within a crystal propagates in displacement and rotation waves (rotation-shear vortices), while the material continuum is preserved. The regions of localization of large stresses (and strains) turn into regions of self-excited states. They can emit defects, which cause self-excitation of the neighboring regions (a relay excitation).
The self-excitation is the source of the meso-and macroplastic instability. It may lead to a quasiviscous flow of the material (as with hydraulic compression). The ensemble of the defects emitted from the excited regions distorts the crystal lattice and alters the usual regular features of slip and shear. These concepts are very similar to the hypothesis of softening due to a local adiabatic heating, but they stem from deformation. The researchers believe this theory is verified by a certain layout of the bands at different crystallographies of the material, analogous regularities by which the bands are formed in noncrystalline materials (plastics, organic compounds), amorphization of the shear areas during plastic deformation of some materials, and impartment of the local deformation to neighboring crystallites in polycrystals.
Considering the above discussion, the study of the formation of the bands of these types should be focused on the stress distribution over the material, the stress nonuniformity, and the deformation constraints.
